PURPOSE. Since 2002, six blind patients have undergone implantation of an epiretinal 4 ϫ 4 electrode array designed to directly stimulate the remaining cells of the retina after severe photoreceptor degeneration due to retinitis pigmentosa. This study was conducted to investigate how the brightness of percepts is affected by pulse timing across electrodes in two of these patients. METHODS. Subjects compared the perceived brightness of a standard stimulus (synchronous pulse trains presented across pairs of electrodes) to the perceived brightness of a test stimulus (pulse trains across the electrode pair phase shifted by 0.075, 0.375, 1.8, or 9 ms). The current amplitude necessary for each phase-shifted test stimulus to match the brightness of the standard was determined. RESULTS. Depending on the electrode pair, interactions between electrodes were either facilitatory (the perceived brightness produced by stimulating the pair of electrodes was greater than that produced by stimulating either electrode alone) or suppressive (the perceived brightness produced by stimulating the pair of electrodes was less than that produced by stimulating either electrode alone). The amount of interaction between electrodes decreased as a function of increased separation both in time (the phaseshift between pulse trains) and space (center-to-center distance between the electrode pair). CONCLUSIONS. For visual prostheses to represent visual scenes that are changing in both space and time requires the development of spatiotemporal models describing the effects of stimulation across multiple electrodes. During multielectrode stimulation, interactions between electrodes have a significant influence on subjective brightness that includes both facilitatory and suppressive effects, and these interactions can be described with a simple computational model. (ClinicalTrials. gov number, NCT00279500.) (Invest Ophthalmol Vis Sci. 2011;52:549 -557) DOI:10.1167/iovs.10-5282 R etinitis pigmentosa (RP) and age-related macular degeneration (AMD) are photoreceptor diseases that cause substantial vision loss or blindness in more than 15 million people worldwide. [1] [2] [3] [4] In both diseases, after the loss of the photoreceptor layer, the spatial organization of the inner nuclear and ganglion cell layers can become disrupted and the inner nuclear and ganglion cell layers begin to thin 5, 6 (but see also Ref. 7). However, inner nuclear and ganglion cell layers maintain relatively high cell density, 7-9 and some functional circuitry remains.
R etinitis pigmentosa (RP) and age-related macular degeneration (AMD) are photoreceptor diseases that cause substantial vision loss or blindness in more than 15 million people worldwide. [1] [2] [3] [4] In both diseases, after the loss of the photoreceptor layer, the spatial organization of the inner nuclear and ganglion cell layers can become disrupted and the inner nuclear and ganglion cell layers begin to thin 5, 6 (but see also Ref. 7) . However, inner nuclear and ganglion cell layers maintain relatively high cell density, [7] [8] [9] and some functional circuitry remains. 10 -12 These findings of residual structure and function within the inner layers of the diseased retina have inspired research focused on sight restoration technologies that interface with the remaining retinal cells.
Although a variety of techniques, such as gene replacement therapy, [13] [14] [15] [16] [17] engineered photo-gates, 18 -20 and light-sensitive proteins such as channelrhodopsin-2 (ChR2) 10, [21] [22] [23] [24] are currently being developed, all have some limitations in scope. Gene therapies require the maintenance of photoreceptors 6 and are specific to a single gene mutation. 25 ChR2 activation requires light stimulation levels that are five orders of magnitude greater than the threshold of cone photoreceptors 26 and have limited dynamic range. 27 Several research groups are in the process of developing microelectronic retinal prostheses with the ultimate goal of restoring vision in blind subjects by stimulating the remaining retinal cells with spatiotemporal sequences of electrical pulses. Analogous to cochlear implants, these devices are designed to directly stimulate remaining retinal neurons with pulsing electrical current. To date, both semiacute and long-term implanted devices have been demonstrated to be safe and capable of generating visual percepts in human subjects. 28 -36 The ultimate goal of these prostheses is to generate useful vision in blind patients by presenting a spatiotemporal sequence of electrical pulses that produce percepts that represent meaningful visual information. To achieve this goal, it is necessary to develop predictive models that can determine which stimulation pattern will produce percepts with brightness and shape that best represent a given region of the visual scene. Over the past several years, our group has begun to develop such models using data from six patients who underwent implantation of an epiretinal prosthesis containing 16 electrodes. This work provides a proof-of-concept demonstration that predictive models can successfully describe patients' perceptual experiences. Our hope is that these models will also generalize, with modification, to the higher resolution arrays with smaller electrodes that are currently under trial or in development. 37 Previous quantitative models from our group have been limited to describing the behavior of single electrodes. We have shown that the apparent brightness of percepts as a function of stimulation amplitude can be described as a power function closely analogous to the power function that can be used to predict apparent brightness as a function of light intensity in visually normal observers. 34, 38 We have similarly shown that it is possible to predict the sensitivity of the human visual system to a wide variety of retinal electrical stimulation patterns using a simple and biologically plausible model that shows some analogies to models used to describe temporal sensitivity to light in visually normal observers. 36, 39 However, extension of these single-electrode models to multielectrode stimulation is not necessarily straightforward. Significant spatiotemporal interactions are found between pairs or groups of electrodes, even when electrical field interactions are controlled for by phase-shifting pulses in time across the electrodes so that no pulse overlaps in time. These interactions seem to include both changes in brightness and changes in percept shape. 35 Similar results have been found for cochlear implants, where the precise timing of stimulation across electrodes has perceptual consequences as a result of both electrical field 40 -42 and neuronal interactions. 43 Here we show that, although these interactions exist, the effects of spatiotemporal interactions between pairs of electrodes on percept brightness can be fit by a simple computational model.
MATERIALS AND METHODS

Subjects
Data reported herein were collected from two patients with long-term implantation of 16-electrode retinal prostheses (Second Sight Medical Products, Inc., Sylmar, CA). These two patients, S05 and S06, were 59 and 55 years old, respectively, at the time of implantation (2004). Before surgery, subject S05 had bare light perception (BLP) in the implanted eye and subject S06 had no light perception (NLP). These two patients were a subset of six patients who have received the implants since February 2002. The other four patients were excluded from this study for a variety of reasons described elsewhere. 34 All tests were performed after informed consent was obtained in a protocol approved by the Institutional Review Board at the Keck School of Medicine (University of Southern California, Los Angeles, CA) and according to the principles of the Declaration of Helsinki.
The Retinal Prosthesis
As described elsewhere, 36 the implants were placed epiretinally, with a 4 ϫ 4 array of disc electrodes in the macular region (Fig. 1A) . The electrodes were either 260 or 520 m in diameter and were arranged in an alternating checkerboard pattern with 800 m center-to-center separation between each electrode. As has been described in several papers, 36, 44, 45 pulse train signals were generated and sent to an external signal processor with custom software. Power and signal information were sent from this processor through a wire to an external transmitter coil that attached magnetically to and communicated inductively with a secondary coil that was implanted subdermally in the subject's temporal skull (Fig. 1B) . Power and signal information were sent from this secondary coil through a subdermally implanted wire that traversed the sclera to the array of electrodes. The timing and current of electrical pulses on each electrode were controlled independently.
Psychophysical Methods
All pulse waveforms consisted of trains of biphasic, cathodic-first, and square-wave pulses. For safety reasons, all individual pulses within a pulse train were charge balanced. In this study, we used cathodic and anodic pulses of equal width (0.45 ms, chosen to maximize energy efficiency), with the cathodic phase presented first. 46, 47 Each biphasic pulse within the pulse train consisted of a cathodic 0.45-ms pulse, followed by 0.45-ms interphase delay and a 0.45-ms anodic pulse for charge balancing purposes. The biphasic pulse was followed by an 18.65-ms delay before the cathodic phase of the next pulse (totaling 20 ms/50 Hz). The frequency of 50 Hz was chosen to be above the critical flicker fusion frequency of our patients. 36 Pulse trains were 500 ms in duration. All stimuli were presented in photopic conditions. The effect of changing these parameters was not examined. Data collected on single electrodes 34, 36 and examinations of spatiotemporal interactions 35 suggest that modifying these parameters would affect sensitivity, but would not fundamentally alter the pattern of the results reported herein.
Subjective Brightness Matching during Paired-Electrode Stimulation
Subjective brightness matching was performed within a given electrode pair, in a two-interval, forced-choice procedure with constant stimuli. Each trial contained two temporal intervals, with an auditory cue marking the onset of each interval. The order of presentation of the two temporal intervals was randomized, and subjects were asked to report which interval contained the brighter stimulus. Each measured data point in the psychometric function was based on a minimum of 12 trials. Additional trials were run, if needed, to improve the fit of the psychometric function up to a maximum of 20 trials per data point (see Supplementary Fig. S1 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.10-5282/-/DC1, for examples of psychometric functions).
One interval always contained the standard stimulus, which consisted of synchronized pulse trains across the pair of electrodes, Figure  1Ci . The amplitudes of these synchronized pulse trains were set to 1.5, 2, 2.5, or 3 times the perceptual threshold of each electrode in the pair (see Ref. 33 for a detailed description of threshold measurement methods).
The second interval contained the test stimulus, which was identical with the standard except for a temporal phase shift between pulses across the electrode pair (Fig. 1Cii ). In those conditions in which both electrodes were stimulated (conditions 3-5), we measured brightness matches using pulse trains that were phase shifted by 0.075, 0.375, 1.8, or 9 ms. At our stimulation frequency (50 Hz), a 9-ms phase shift resulted in pulses that were almost perfectly interleaved across the pair of electrodes (Fig. 1Cii) .
For each phase shift, brightness-matching psychometric functions were collected for five conditions ( In condition 3, the amplitude of E1 was fixed (at two to three times threshold), and the amplitude of E2 varied: For example, E1 ϭ 73 A, whereas E2 varied between 151 and 163 A. In condition 4, the amplitude of E2 was fixed (at two to three times threshold), and E1 varied: For example, E1 varied between 151 and 163 A, and E2 ϭ 73 A. Finally, in condition 5, the amplitudes of E1 and E2 were jointly varied by multiplicatively scaled amplitude steps: For example, if we were measuring brightness matches at two times threshold and the threshold of E1 was 50 and that of E2 was 100, then E1 would take the amplitudes of 100, 105, 110…150 A and E2 the corresponding amplitude values of 200, 210, 220…300 A.
In conditions 1 to 4, a cumulative normal based on E1 or E2 alone was used to find the point of subjective equibrightness. In condition 5, the cumulative normal was fit based on E1, and the corresponding threshold for E2 was calculated analytically. Example psychometric fits for condition 5 are shown in Supplementary Figure S1 , http://www. iovs.org/lookup/suppl/doi:10.1167/iovs.10-5282/-/DCSupplemental. Error bars were estimated by using an adaptive sampling Monte Carlo simulation. 48 Each psychometric function was inspected to make sure that an adequate fit was obtained, and additional data were collected if fits were inadequate (based either on the estimated error or visual inspection).
Stimulus Set
Measurements were taken for electrode pairs separated by 800 m ( Fig. 2 ; a total of nine electrode pairs across both subjects), 1600 m ( Fig. 3 ; four electrode pairs, S06 only), and 2400 m ( Fig. 3 ; two electrode pairs, S06 only). The only criterion used to choose the electrode pairs was a relatively low single-pulse threshold on both electrodes in the pair. This method allowed us to collect suprathreshold data across a range of brightness levels while remaining within charge safety limits. Given this constraint, electrode pairs were then chosen so that they were distributed as evenly as possible across the array.
The data presented represent ϳ3-hour testing sessions that occurred roughly once a week over the course of 2 years. Data collection on subject S05 was curtailed before the end of all experiments due to lifting and translating of the array during a surgical procedure (June 2008) . This lifting and translating of the array led to a sharp increase in thresholds (in many cases, too high to measure) that made it impossible to continue psychophysical data collection.
Model of Spatiotemporal Integration
Data were fit by using the following model:
The equation describes isobrightness lines that form an ellipse, where B represents the brightness of the percept generated by the standard stimulus on the electrode pair and was fixed to equal 1. EЈ 1 and EЈ 2 represent normalized (as indicated by the prime symbol) current amplitudes for the test stimulus on each of the two electrodes in the pair. Normalization was performed by dividing the current amplitudes on E1 and E2 by the current needed to match the brightness of the standard when using E1 or E2 alone. This normalization forces the isobrightness curves generated by the model to cross the x-axis at EЈ 2 ϭ 1 and the y-axis at EЈ 2 ϭ 1. This model is closely related to those developed by Rashbass 49 and Watson 39 to describe interactions between luminance pulse pairs as a function of temporal delay in normal vision.
The best fitting value of ␥ was found for each delay by minimizing the sum of squared errors between the fitted data curve and the obtained values by using unconstrained nonlinear optimization (custom software written in MatLab; The MathWorks, Natick, MA). With stimulation of both electrodes, when ␥ ϭ 2, equation 1 reduces to 1 ϭ EЈ 2 ϩ EЈ 2 , -that is, apparent brightness is proportional to the linear sum of current across both electrodes (Fig. 1D, light gray solid  line) . This result would be expected if two electrodes stimulated In the case of the standard, the pulses were presented simultaneously across the two electrodes. The test stimulus was identical with the standard, except that there was a phase shift between pulses across the electrode pair. A 9-ms phase shift is shown. Brightnessmatching data were collected for phase shifts of 0.075, 0.375, 1.8, and 9 ms. (D) Brightness-matching conditions. For each phase shift, brightness-matching psychometric functions were collected in five conditions where the amplitude of E1 (conditions 1 and 4), E2 (conditions 2 and 3), or both E1 and E2 (condition 5) varied, as represented by double-headed arrows. The solid black circles represent the point of brightness match: the amplitudes at which the apparent brightness of the test stimulus matched the brightness of the standard (✱). Model isobrightness curves are shown for ␥ ϭ Ϫ1, Ϫ0.5, 0, and 2. Shaded area: the region of EЈ 1 Յ 1 and EЈ 2 Յ 1 This is a theoretical data set used for illustrative purposes.
exactly the same region in space and time. When ␥ ϭ 0, the model simplifies to 1 ϭ EЈ 1 2 ϩ EЈ 2 2 (the equivalent of the equation for a circle) which is the equivalent of adding power across electrodes (Fig.  1D, light gray dashed line) .
Inhibition between electrodes can be defined as occurring when the stimulation required of E1 to make a match with the standard is greater when E2 is also stimulated than when E1 alone is stimulated (or vice versa): Brightness matches fall outside the summation area EЈ 1 Յ 1 and EЈ 2 Յ 1 (Fig. 1D, shaded area) . When ␥ lies between 0 and Ϫ1, interaction between electrodes can be considered to be partially suppressive, as shown for ␥ ϭ Ϫ0.5 (Fig. 1D, dark gray dashed line) . Small amounts of current on one electrode result in an inhibitory bowing of the curve outside the summation area EЈ 1 Յ 1 and EЈ 2 Յ 1 However, when current is distributed more evenly across the two electrodes, there is brightness summation across the pair: The percept is brighter than would be predicted by stimulation of either electrode in isolation.
When ␥ is less than Ϫ1 (Fig. 1D , dark gray, bowed solid line) electrode interactions are fully inhibitory: The entire isobrightness curve bows out beyond the summation region. Thus, ␥ represents mutual interaction between electrodes and can describe a range of behaviors between linear summation, nonlinear summation, and mutual suppression.
With an exponent of 2, our equation is a suprathreshold analogue to that used by Rashbass 49 to describe threshold interactions between pulse pairs of like and opposite signed contrast as a function of delay between the pairs. As related by Rashbass, the behavior described by equation 1 can result from a simple model where visual transients are filtered by an impulse response and then squared and integrated over a longer time interval.
A closely related alternative is the working model of Watson. 39 In that model, it is again assumed that visual transients are filtered by an impulse response. However instead of a simple square, the response is raised to a power ␤, which is the slope of the psychometric function and typically takes a value between 3 and 6. The second stage of integration takes place over the entire stimulus duration. For the purposes of our dataset, these differences in the temporal properties of the slower second-stage filter are unimportant. We tested the Watson model using a range of exponents and found that it performed similarly to the Rashbass model across a relatively wide of range of exponents (ϳ1.5-4). Variations in the exponent changed the shape of the bowing in a subtle manner and rescaled the ␥ values, but the resulting isobrightness curves (and mean squared error values) remained very similar to those obtained with an exponent of 2. Since we only had five data points describing the shape of each curve as a function of delay, any attempt to fit the exponent as well as ␥ caused the model to be underconstrained.
In equation 1, all matches were made to a single brightness level, and B was fixed to equal 1. Our previous findings show that, over the range of amplitudes used in the current paper, the increase in apparent brightness as a function of current on a single electrode is close to linear. 34 This suggests a possible modification of equation 1 to
With this variant of the model, when the current amplitude on either E1 or E2 is 0, brightness is a linear function of current on the remaining electrode (because B is fixed to 1, the slope is unknown).
RESULTS
As described elsewhere for these patients, 34 -36 when a single electrode is stimulated, subjects typically reported that phosphenes appeared white or yellow in color, and were round or oval in shape. At suprathreshold, percepts were reported as being brighter and the perceived shape occasionally became more complex than a simple circle or oval. For single-electrode stimulation, shapes were reported as being approximately 0.5 to 2 inches in diameter at arm's length, corresponding to roughly 1°to 3°of visual angle.
As has also been reported previously, 50 when stimulation was presented on electrode pairs, two different types of percept were obtained. In some cases, the percept was a single phosphene that was reported to be approximately 2 to 4 inches in length/width at arm's length, corresponding to roughly 3°to 6°of visual angle: somewhat larger than the phosphenes produced by a single electrode. On a significant minority of electrode pairs the percept consisted of multiple phosphenes. Although we did not explicitly examine phosphene shape across electrode pairs in this article, previous work on these subjects 50 suggests that when stimulating both electrodes together produces a single percept, the percepts produced by each electrode in isolation are both similar to the shape of the percept produced by paired stimulation (perhaps because both electrodes lie on similar axon pathways). When the phosphene generated by stimulating a pair of electrodes results in two distinct, spatially separated percepts, this percept resembles the composite of the percepts elicited by individual electrode.
Occasionally, a dark rather than a white or yellow percept was reported for a given electrode pair (in these cases the percept was dark across all stimulation timing patterns). In this case, the patient would make a subjective darkness compari- son. We did not see any systematic differences in threshold or slopes of the brightness-matching psychometric functions between light or dark percepts.
Generally, although the brightness of the perceived stimulus varied as a function of the phase shift-the phenomenon described by our model-the subjects did not report a noticeable difference in the perceived shapes of phosphenes induced by simultaneous versus phase-shifted stimulation (also see Ref. 50 ). However earlier work by our group examining the effects of timing differences on the appearance of percepts suggests that timing differences (e.g., clockwise versus counterclockwise stimulation across a group of four electrodes) does result in perceptually distinguishable (though not dramatically different) percepts. 35 It is likely that the timing differences manipulated here do result in slight differences in the shape of the elicited percepts, but that these changes in shape are not dramatic enough to be noticed by the subjects or to interfere with the brightness-matching task.
In the brightness-matching task, subjects were asked to ignore all aspects of the percept other than brightness/contrast. As described earlier, percepts could consist either of single or multiphosphenes. In multiphosphene percepts, subjects were asked to average the brightness across all phosphenes. The obtained psychometric functions for these brightness matches (see Supplementary Fig. S1 , http://www. iovs.org/lookup/suppl/doi:10.1167/iovs.10-5282/-/DCSupplemental) suggest that subjects were able to perform the task reliably. It is of course possible that subjects were not making a pure brightness judgment (for example, brightness estimates might have been confounded with changes in percept size); however, previous work by our group examining size and brightness judgments as a function of stimulus amplitude on single electrodes suggests that our subjects are capable of making separate judgments of size and brightness, 34 at least when a single electrode is stimulated.
Subjective Brightness as a Function of Pulse Timing across Electrode Pairs
The main panels in Figure 2 show measured brightness matches (symbols) and the best-fitting model isobrightness curves (lines). The inset graphs of each panel represent model estimates of ␥ as a function of phase shift. The histogram shows the best-fitting values of ␥ across all electrode pairs and phase shifts. Best fitting estimates of ␥ and mean squared errors of the model fits are shown in Table 1 .
The median estimate of ␥ was Ϫ0.44 for electrodes separated by 800 m, and most estimates of ␥ (33/36 estimates: nine electrode pairs ϫ four phase shifts) fell between 0 and Ϫ1, implying partial suppression across the electrodes. The mean of the distribution of estimates of ␥ was significantly less than 0 (two-tailed t-test, P Ͻ 0.001). Across most electrode pairs and phase shifts, the apparent brightness of a percept elicited by E1 was reduced by the presence of a small amount of current on E2, indicated by the data and curves falling outside the shaded region. However, when current was distributed more evenly across the two electrodes, the percept was brighter than would be predicted by stimulation of either electrode in isolation, as indicated by the curves falling inside the shaded region.
In six of the nine electrode pairs, the amount of current needed to match the brightness of the standard increased as a function of phase shift, as represented by the curves' bowing out farther as a function of phase shift in the main panels and a decrease in ␥ as a function of delay in the inset panels. In the remaining three electrode pairs, the amount of current needed to match the brightness of the standard did not change as a function of delay. This tendency toward a decline in ␥ as a function of delay implies that mutual inhibition between electrodes increases as a function of delay.
In seven of the nine electrode pairs, the isobrightness curve for the 0.075 phase shift (Fig. 2, solid line) overlapped or nearly overlapped the data point (Fig. 2, asterisk) representing the standard stimulus (where the pulses were presented simultaneously). For most electrode pairs, the apparent brightness produced by simultaneous stimulation was similar to that produced by stimulation across electrode pairs that was offset by a small phase shift.
It might be expected that, since the size of the current field increases as a function of increasing current amplitude, we would see an increase in spatiotemporal interactions at higher amplitudes or for stimuli farther above threshold. However, we found no effect of pulse amplitude on spatiotemporal integration: similar ␥ values were found at 1.5, 2, and 3 times threshold, with no statistically significant difference between estimates of ␥ as a function of threshold multiple using a two-way ANOVA (electrode pair ϫ threshold multiple, P Ͼ 0.05). Figure 3 and Table 2 show data and model fits for electrode pairs separated by 1600 and 2400 m for S06 only (S05 was unavailable for testing in these conditions, as mentioned earlier). Data were fit with the same model as was used for the 800-m-separated data. Column 1 shows the identifiers of the two subjects. Columns 2 and 3 list the electrode pairs. Column 4 lists the phase-shift. Column 5 lists the best-fitting ␥ parameter values. Column 6 lists the sum of squared errors of the model fits.
Estimates of ␥ were higher for widely separated electrodes: The median value of ␥ was Ϫ0.26, all but one of the 24 (six electrode pairs ϫ four phase shifts) estimates of ␥ fell between Ϫ0.5 and 0.5, and the mean of the distribution of estimates of ␥ did not differ significantly from 0 (two-tailed t-test, P Ͼ 0.05). Thus, these data support the notion that interactions between electrodes become smaller as a function of electrode separation.
In three of the six electrode pairs the amount of current needed to match the brightness of the standard increased as a function of phase shift, as represented by the curves' bowing out farther as a function of phase shift in the main panels and a decrease in ␥ as a function of delay in the inset panels. In the remaining three electrode pairs, the amount of current needed to match the brightness of the standard did not change as a function of delay.
For all electrode pairs the curve for the 0.075-ms phase shift overlapped or nearly overlapped the data point representing the standard stimulus (where the pulses were presented simultaneously). Across all the electrode pairs that we tested, the apparent brightness produced by simultaneous stimulation was close to that produced by stimulation offset by a small phase shift.
DISCUSSION
Our earlier work demonstrated significant interactions between pairs of electrodes, even when stimulated nonsimultaneously. 35 In the present study, we examined how these interactions affect perceived brightness by measuring and modeling the current needed to match the brightness of a standard as a function of the temporal separation between suprathreshold electrical pulses across pairs of electrodes.
For electrodes separated by 800 m, the brightness of the percept produced by stimulating a pair of electrodes depends not only on the current amplitude on each electrode, but also on the timing of stimulation across electrodes: Even when electric fields are not overlapping in time, neural spatiotemporal mechanisms of integration still play a role. As might be expected, spatiotemporal interactions decreased with electrode separation; indeed, the mean of the distribution of estimates of ␥ did not differ significantly from 0 for electrodes separated by 1600 or 2400 m.
One possibility is that these effects are mediated by neural populations that lie between, and receive stimulation from, more than one electrode (this neural population might consist of cell bodies, axons, or some combination of the two). Our work examining spatiotemporal interactions is consistent with this hypothesis, 35 although other potential causes of spatiotemporal interactions cannot be excluded. For example, as we have described, 35 recent evidence suggests very fine temporal sensitivity within lateral connections mediated by wide-field amacrine cells whose connections can span up to many millimeters within the retina. 51, 52 These connections have the spatial and temporal qualities that would allow integration of current across multiple electrodes. Alternatively, it is possible that these interactions are mediated by cortical sensitivity to precise timing patterns across space. Stimulation with extremely short pulses (ϳ0.1 ms) results in single spikes within ganglion cells that are phase locked to the pulses with high precision. 53, 54 If this precise timing information is passed from retina to cortex, as suggested by data showing behavioral adaptation to very high temporal frequencies, 55 it is possible that the sensitivity to pulse timing across electrodes found herein may be the result of cortical mechanisms.
For reasons that are not yet clear, there was significant variability in the estimates of ␥ across electrode pairs. We saw no clear relationship between estimates of ␥ and electrode-totissue distance or the position of electrode pairs with respect to the macula, although our limited dataset means that we cannot exclude the possibility that these two factors play a role. Other possible sources of variation between electrode pairs include heterogeneity in retinal rewiring or degeneration across the retinal surface.
Although increasing amplitude increased the perceived brightness of both the standard and the test stimuli, the timing of spatiotemporal integration did not vary as a function of amplitude (e.g., 1.5, 2, or 3 times threshold). Although we did not find an effect of amplitude level in our data set, it is likely that interactions between the effects of electrode separation and amplitude levels do occur, given that the neural area of activation is likely to increase with increasing amplitude. However, our data suggest that amplitude levels do not affect the timing of spatiotemporal interactions, consistent with previous work by our group examining the effects of stimulus timing sensitivity within single electrodes. 36 Previous studies of these patients by our group have demonstrated that it is possible to model perceived brightness as a function of electrical stimulation of a single electrode across a wide variety of timing configurations. 34, 36 The model described herein extends this work by modeling spatiotemporal interactions across electrodes. Such spatiotemporal models are, of course, necessary to accurately represent a dynamic visual scene that is constantly changing, both in space and time.
Although it is probable that the model fits that we have described could be improved on with more complex models, the simplicity of our model has the advantage that it requires a relatively small amount of data to be collected to estimate the necessary parameters. Indeed, for a fixed phase shift and brightness level, the model describes brightness as a function of multiple amplitude levels across both electrodes using a single free parameter. Given earlier work by our group showing that apparent brightness can be described as a power function of stimulation intensity 34 it is likely that this, or a related model, could easily be extended toward describing spatiotemporal interactions across multiple brightness levels. Simple approximation models, such as that described herein, may be of more practical use when designing stimulation protocols that involve multielectrode arrays than the more complex models that require the estimation of a larger number of parameters.
